changes in fluorescence were measured using confocal (C) Cumulative probability histograms of E GABA for day 7 and day 13 neurons (with or without chronic treatment with BMI ϩ PTX). Each point represents E GABA measurement from one cell. Data points with error bars below denote mean Ϯ sem (n ϭ 10 to 11). Data from both control day 7 and BMI ϩ PTX day 13 were significantly different from the control day 13 (p Ͻ 0.001, Kolmogorov-Smirnov test). microscopy. Neurons cultured for 4 to 9 days responded tures of hippocampal neurons provide a useful model for studying the mechanism of the developmental switch to exogenous applications of GABA (100 M, 15 s pulse) with a rapid and reversible increase in [Ca 2ϩ ] i . As shown in GABA signaling. To directly assess the developmental shift in E GABA , in Figure 1A , these responses were largely blocked by a combination of GABA A receptor antagonists (bicuculline whole-cell perforated patch recording was used to measure the reversal potential of currents elicited by local methoiodide, "BMI", 10 M; picrotoxin, "PTX", 50 M) or by the L-type Ca 2ϩ channel antagonist nimodipine application of GABA (10 M, 50 ms pulse) in young (day 6-7) and mature (day 13-14) neurons. As shown in Figure  (10 ‫6ف‬ fold increase in KCC2 expression was observed, although only ‫%02ف‬ of neurons failed to respond to the shift of E GABA toward hyperpolarized potentials in day 13 neurons. E GABA remained at Ϫ48.4 Ϯ 1.6 mV (n ϭ 10), GABA at this time ( Figure 1B ). This suggests a nonlinear relationship between the mRNA level of KCC2 and its a value that was not significantly different from that of young (day 7) neurons under control conditions (p ϭ functional effects (see Discussion). Furthermore, we explored whether chronic blockade of GABAergic activity 0.13, t test). These observations indicate that the developmental increase in GABAergic activity promotes the with BMI ϩ PTX altered the level of KCC2 mRNA. As shown in Figures 3B and 3D , KCC2 expression was transformation of GABA signaling.
decreased by 68 Ϯ 4% (n ϭ 5, p Ͻ 0.001) in comparison to age-matched control cultures (n ϭ 10). To elevate
GABA Activates the Expression
GABAergic activity, we chronically depolarized the culof the Cl Ϫ Transporter KCC2 tures with 10 mM KCl (see Figures 6C and 6D) . We The hyperpolarizing shift in E GABA has been correlated with an increase in KCC2 expression in hippocampal found that KCC2 message levels in day 9 neurons were currents. Inward Ca 2ϩ currents (downward deflections) were elicited by step depolarizations (holding potential ϭ Ϫ80 mV, step ϭ 10 mV). (B 2 ) Normalized peak current versus voltage for day 7 (n ϭ 12), day 13 (n ϭ 9), and day 13 BMI ϩ PTX (n ϭ 11) neurons. On average, Ca 2ϩ currents measured between Ϫ60 and Ϫ40 mV are 1-to 2-fold larger in younger neurons than in mature neurons (with p Ͻ 0.05 for Ϫ50 and Ϫ40 mV; n ϭ 9 for 7 day, and n ϭ 12 for 13 day). (B 3 ) Mean I-V curves for absolute peak current values (same data as in B 2 ). As expected, error bars were larger in these nonnormalized curves and were omitted for clarity.
enhanced by 69 Ϯ 6% in comparison to control condi-4A). These measurements of KCl-induced changes in fluorescence intensity most accurately reflect depolartions ( Figures 3C and 3D) , and most neurons in the KCltreated day 9 cultures had lost their responsiveness to ization-induced changes in "free" [Ca 2ϩ ] i . Therefore, these results indicate that while a mild depolarization GABA (Figure 2A Figure 6E ). As no significant differences were found under these conditions (p Ͼ 0.2, ANOVA), the effects 13-14), KCl triggered a robust elevation in the free [Ca 2ϩ ] i that was significantly larger than those in the untreated of chronic BMI treatment were not a consequence of increased neuronal activity. parallel cultures. Although the ontogenetic change in the activation profile for I Ca was reduced, the absolute The notion that spontaneous GABAergic synaptic activity drives the developmental switch was further tested levels of calcium influx were similar to that seen under control conditions ( Figures 4B 2-3 ) . Taken together, these with KCl-induced depolarization (in the presence of TTX), which enhances the probability of transmitter refindings suggest that GABA promotes the developmental decrease in depolarization-induced Ca 2ϩ tranlease, thus increasing the frequency of mGSCs. As shown in Figures 6C and 6D ] i To test whether spiking is required for the switch of GABAergic signaling, neurons were cultured in the preselevation by day 10 (Figure 2A) . We note that these same The Role of GABAergic Activity and Depolarization was most significant (day 11 neurons). Under these conWe propose that the level of depolarizing GABAergic ditions, E GABA was Ϫ42.5 Ϯ 4.3 mV (n ϭ 9), similar to that activity determines the rate of transformation of neuobserved in untreated neurons at day 7 (Ϫ44.5 Ϯ 2.0 ronal GABAergic responses. This is supported by the mV; n ϭ 11; p Ͼ 0.2). These findings support a model following three lines of evidence: (1) Blockade of GABA A in which spontaneous GABAergic events elevate [Ca 2ϩ ] i receptors prevented the transformation; (2) elevating and activate signaling pathways which can promote the GABAergic activity or stimulating GABA A receptors acdevelopmental switch. celerated it; and (3) the developmental increase in spontaneous GABA release tightly correlated with the time course of the transformation. To elevate synaptic activity, Discussion we chronically depolarized the neurons with KCl (10 mM) in the presence of TTX. That KCl-depolarization had The switch of GABA signaling from excitation to inhibiindeed elevated GABAergic activity was shown by (1) tion occurs during early postnatal brain development, the frequency of mGSCs was increased, and (2) the when synaptic connections are being established, accelerated rate of transformation was significantly restrengthened, and refined (Katz and Shatz, 1996) . Using duced when the KCl treatment was combined with blocka model system of cultured hippocampal neurons, we ade of GABA A receptors. However, the transformation tested the hypothesis that this switch is regulated by still occurred under conditions of KCl-induced depolarneuronal activity. We first characterized two aspects of ization in the presence of GABA A receptor antagonists. GABAergic transmission-the electrophysiological (memAs evident from Figure 4A , 10 mM KCl acutely induces brane depolarization) and the biochemical (Ca 2ϩ siga very robust elevation of [Ca 2ϩ ] i in immature neurons. nals)-which may serve different roles in the developing Therefore, it is likely that chronic depolarization with 10 nervous system. We found that developmental changes mM KCl induced a massive Ca 2ϩ influx that bypassed the in these two properties are related to a shift in E GABA required specificity for GABA-mediated depolarization. toward hyperpolarized potentials as well as a change in This notion is supported by the fact that physiological depolarization-induced elevations of [Ca 2ϩ ] i . Our results sources of depolarization (namely glutamatergic activity also indicate that both of these changes can be triggered and action potentials), although present at substantial by GABAergic activity. The expression of the Cl Ϫ translevels, are unable to regulate the time course of the porter KCC2 was upregulated by increased spontanedevelopmental switch ( Figures 2B, 6A , and 6B). ous GABAergic activity, and downregulated following Interestingly, in spinal cord neurons, the switch of blockade of GABA A receptors, indicating that GABA-GABA signaling is accelerated when neurons are plated mediated depolarization is itself able to increase the on a higher density of astrocytes (Li et al., 1998) . The mechanism underlying this process remains unknown. expression of KCC2 and induce the maturation of inhibi- (Figures 2A and 2B) .
D) Changes in mGSC frequency after KCl treatment (the same experiment as shown in [C]). Inset: average mGSC frequency before and after KCl treatment (n ϭ 4). (p Ͻ 0.05, paired t test). (E) Summary of experiments involving chronic blockade of GABAergic activity only (BMI), GABAergic activity and spiking (BMI ϩ TTX), and GABAergic and glutamatergic activities (BMI ϩ CNQX). (F) Comparison of chronic activation of GABA
What is the signal that is specifically activated by transmitter release, see Figures 6C and 6D) . The observed increase in KCC2 mRNA levels may result from en-GABA but not glutamate? Nimodipine delayed the switch ( Figures 7B and 7C (Figures 1B and 3D ). This could be attributed to a high rate of Cl Ϫ influx due to a similar developmental transformation from excitation to inhibition ( 
